Magneto Plasma Sail (MPS) is spacecraft propulsion that produces an artificial magnetosphere to block solar wind particles, and thus impart momentum to accelerate a spacecraft. In the present study, we conducted three-dimensional particle-in-cell simulations on small-scale magnetospheres to investigate thrust characteristics of MPS, in which the magnetosphere is inflated by an additional plasma injection. As a result, We revealed that finite thrust generation and the increase in thrust is obtained in the small-scale magnetosphere even if the electron kinetics is taken into consideration. The thrust of MPS (1.0 mN) becomes up to 14 times larger than that of the original magnetic sail (0.07 mN). However, it was also revealed that the thrust gain of MPS is approximately unity and thrust-mass ratio and thrust-power ratio is further smaller compared with other existing propulsion system. An extensive improvement of a thrust is required for the realization of MPS.
Introduction
Magnetic sail is a spacecraft propulsion system that aims at fast interplanetary flight in deep space explorations. Zubrin and Andrews first provided the concept of a magnetic sail in 1991 1) .
As shown in Fig. 1 , they conceptually designed a spacecraft with a large loop of superconductive coil. The onboard superconductive coil produces an artificial magnetic cavity (magnetosphere) to reflect solar wind particles approaching the coil. Due to this interaction, the solar wind flow loses its momentum, and a corresponding repulsive force would exert on the coil to accelerate the magnetic sail spacecraft in the anti-sunward direction without consuming fuels. The idea of magnetic sail attained renewed interest when the idea to make a large magnetosphere by employing a compact coil diameter (~several meters) with a plasma jet was proposed by Winglee et al. in 2000 2) instead of employing large-scale coil (~several kilo meters) by Zubrin. This propulsion system, illustrated in Fig. 2 3, 4, 5, 6) . Single fluid approximation is assumed in MHD and electron fluid approximation is assumed in Hybrid-PIC. Hence, the particle kinetics, especially electron kinetics is neglected in these simulation techniques and only very large magnetospheres (> 100 km), where the feasible spacecraft model cannot be constructed by the present technology, can be assumed. Therefore, it has not been revealed yet that whether there is any thrust gain by using MPS with small magnetosphere (< 100 km). Fully kinetic simulation, such as Full-PIC simulation, which treats both and electron as particle and can solve the plasma flow around the such a small magnetosphere self-consistently, is required to reveal physical phenomena about MPS and to confirm the increase in thrust.
The objective of the present study is to reveal the finite thrust generation of MPS with the electron inertial scale magnetospheres (< 100 km), where the electron kinetics should be considered and the spacecraft model feasible with the present technology can be assumed. The thrust performance of MPS is also revealed based on simulation results. In order to achieve the above objectives, we performed three-dimensional Full-PIC simulation with the realistic mass ratio (m i /m e =1836). 
Numerical Model for Full-PIC Simulation
Full-PIC simulation treats both ions and electrons as particles in order to consider the kinetic effects of plasma particles such as finite Larmor radius and charge separation. and traces the precise motion of each particle using the Buneman-Boris method [14] . In this study, only two kinds of particles, namely, ions (protons) and electrons, are used and the mass ratio is set precisely (m i /m e = 1836). From the particle trajectories, the density distribution and the current distribution are calculated by the PIC weighting method. Maxwell's equations (2) and (3) are solved by the finite-difference time-domain method to obtain a self-consistent electromagnetic field. Computational load becomes huge in order to calculate the trajectory of very huge numbers of particles. That has prevented from simulating the plasma flow around small-scale magnetic sail and obtaining the thrust characteristics. However, large 3D Full-PIC simulations have only recently become possible owing to the improvement on the parallel computing techniques. We parallelized our simulation code by using OepnMP and MPI.
The interaction between the solar wind and an artificial dipole magnetic field is simulated in three-dimensional space. Figure 3 shows the computational domain used in the three-dimensional Full-PIC simulations. The computational domain has an area of 1.3 km × 1.3 km × 1.3 km partitioned into a grid of 256 × 256 × 256 cells (dx = 5 m) in the typical case. The grid spacing dx typically needs to be set such that it is not much larger than the Debye length (dx/λ D < 3). The solar wind plasma is typically represented by 16 super particles associated with each cell, since 16 particles are necessary and sufficient in terms of the calculation cost and correctness of the simulation. The magnetic field generated by the coil equipped on the spacecraft is approximated by an ideal dipole magnetic field of magnetic moment M.
The typical solar wind parameters at Earth orbit (Table 1 ) are assumed in a three-dimensional Full-PIC simulation. For simplicity, direct collisions between particles are neglected in this paper. The interplanetary magnetic field (IMF) can be also ignorable as revealed by MHD simulation and Full-PIC simulation 7, 8) . Table 2 lists the design parameters of the magnetic sail; these parameters are expected to give a small-scale magnetic sail (on the order of 100 m) in which electron kinetic effects are significant. The magnetic moment of the coil is set to be parallel to the solar wind flow (z-axis) in this study. 
Coordinate system adopted for three-dimensional Full-PIC simulations. The solar wind direction is parallel to the z-axis. Figure 4 shows the spatial distribution of ion density and electron density in the steady state when the magnetic moment M is parallel to the solar wind. It takes about four days by using 1024 CPUs to obtain the steady state of the plasma flow. Slices across the yz-plane (magnetic meridian plane) are shown. The solar wind flows avoiding the magnetic field ( Fig. 4a) and a low-density region forms around the spacecraft at (x, y, z) = (0, 0, 0) despite the loose coupling between the ions and magnetic field because of the large Larmor radius of the ions (~ 100 km). Although the magnetosphere is defined in MHD simulations by the discontinuity in the magnetic field, the small-scale magnetosphere does not exhibit a discontinuity (Fig. 4b) since the plasma can induce a weak magnetopause current. As a result, unlike the magnetosphere obtained by the MHD approximation, the magnetic field is not contained within the magnetosphere in the small-scale magnetosphere. We therefore define the low-density region in the Full-PIC simulations as the magnetosphere instead of the discontinuity in the magnetic field.
Thrust Characteristics of Magneto Plasma Sail

Original thrust of a magnetic sail without plasma jet
The magnetosphere is symmetric about the z-axis and slightly charge-separated. The cross-sectional size is 70 m. The thrust of the magnetic sail is calculated as F mag =0.07 ±0.01 mN from the change in momentum of all particles contained in the computational domain. 
Typical simulation result of Magneto Plasma Sail
In order to improve the thrust generation using the solar wind, Winglee et al. proposed M2P2 based on the frozen-in of plasma to the magnetic field (frozen-in concept). However, the concept is not valid at all in the small-scale magnetosphere since electron kinetics prevent plasma jet from moving along the magentic field. Instead of the frozen-in concept of Winglee, the use of dipole plasma equilibrium (equatorial ring-current concept) is proposed 9) . It is expected that the plasma injected from a MPS spacecraft remains in the equatorial plane and induces the diamagnetic current. The diamagnetic current flows into the same direction with the coil current to enhance the original magnetic field generated by coil current. Parameters for a three-dimensional MPS simulation to demonstarte the equatorial ring-current concept are listed in Table 3 . The plasma jet is injected on a concentric circle with R jet and the net thrust by the plasma jet is zero. The thrust by plasma jet F jet is hence the virtual thrust corresponding to the thrust when the plasma jet is injected to one way. Parameters for the three-dimensional Full-PIC simulation of a MPS are restricted of a computational resource. A high-density plasma injection or a high-energy plasma injection result in very small Debye length or very large Larmor radius and that prevent us from simualting the MPS. The magnetic moment of the on-board coil is set parallel to the solar wind and the plasma is injected toward the magnetic equator. Electron density disribution is shown in Fig. 5 . By the plasma injection, the magnetosphere of MPS inflated from the magnetosphere of magnetic sail (Fig. 4b) . The cross-sectional size is estimated as 260 m. The thrust of the MPS is calculated as F MPS =0.37 ±0.05 mN. The thrust becomes approximately 5 times larger than the thrust of the magnetic sail (0.07 mN). Current density distributions of MPS are shown in Fig. 6 . The diamagnetic current can be observed in Fig. 6b . The direction of the diamagnetic current flow is same with the coil current and different from the magnetopause current. 
Parametric study of the increase in thrust
Assuming various plasma injection parameters such as injection point R jet , injection direction θ jet , mass flow rate ! m , electron velocity V e, jet and plasma temperature T e,,jet , we performed parametric simulations of MPS. The typical simulation case is shown in Section 3.2. Ion velocity is set to a constant since it is not a best policy to accelerate ion in order to induce the diamagnetic current. The most portion of the thrust by plasma jet F jet is consist of the electron.
First, the injection point R jet is varied with 50 m, 125 m, 200 m and 275 m. The result is shown in Fig. 7 . The maximum thrust of MPS is obtained at R jet =200 m. Compared with the thrust of magnetic sail, the thrust becomes 9 times larger. Figure 8 shows the trajectories of injected particle from R jet =50 m and 125m. The particle injected in strong magnetic field (green line) makes small Larmor motion and goes around the spacecraft by ∇B drift and curvature drift. On the contrary, the particle injected in weak magnetic field (red line) makes large Larmor motion. The red line goes around the spacecraft faster than the green line and can induce larger diamagnetic current. In addition, the area where the trajectory surrounds becomes larger in the red line and hence the additional magnetic moment obtained by the diamagnetic current become larger in the case of R jet =125 m. When the plasma is injected from R jet =275 m, the diamagnetic current cannot be induced since the injected plasma is not magnetized any longer. The maximum increase in thrust is therefore achieved by the injection point R jet =200 m, where the injected plasma just magnetized. The injection direction θ jet is varied with -180°, -90°, 0° and 90°. The injection point is a constant at R jet =50 m. The injection direction -90° represents the same direction with the ∇B drift motion of electron. As shown in Fig. 9 , the largest thrust and the smallest thrust are obtained at 90° and -90°, respectively. This is because the blue line (90°) goes around the spacecraft faster than the red line (-90°) and can induce larger diamagnetic current as shown in Fig. 10 . The mass flow rate ! m and injection velocity V e, jet are also varied. The results are represented in Figs. 11 and 12. As mass flow rate becomes larger, the thrust becomes larger. However, the increase in thrust is proportional to the square root of the mass flow rate (∝√ ! m ). Since the specific impulse is proportional to the thrust and inversely proportional to the mass flow rate (∝F MPS / ! m ), the specific impulse of MPS becomes small in inversely proportional to the square root of the mass flow rate (∝1/√ ! m ). As the injection velocity becomes larger, the thrust also becomes larger. The energy required to accelerate plasma is approximately proportional to the square of the injection velocity (∝V 2 e, jet ). As shown in Fig.  12 , even if the injection velocity V e, jet increases 10 times, a thrust has only change by a factor. The thrust-power ratio therefore becomes small as the injection velocity becomes larger. The thrust performance of MPS thus has the trade-off between the increase in thrust, the specific impulse and the thrust-power ratio. On the contrary, as the injection temperature T e, jet becomes lower, the thrust becomes larger as shown in Fig. 13 . This is because the diffusion is suppressed and the injected plasma remains in a magnetosphere. However, Full-PIC simulation in low injection temperature is very difficult since the Debye length becomes shorter and larger computational resource is required to resolve the motion of injected plasma correctly. 
Thrust performance of MPS
The simulations using combination of various plasma parameters were performed. Figure 14 represents the increase in thrust and the thrust gain of MPS by various plasma injection parameters. We defined the increase in thrust as the thrust of MPS over the thrust of magnetic sail (F MPS /F mag ). In addition, the thrust corresponding to the plasma jet F jet is taken into consideration. The thrust gain (F MPS /(F mag +F jet )) hence represents the advantage of MPS compared with the individual use of the magnetic sail and the plasma jet. In the case where the largest thrust is obtained, the thrust of MPS is 14 times larger than that of magnetic sail. However, the thrust gain is 0.65. That is, a thrust can be obtained efficiently by using magnetic sail and plasma jet separately rather than inflating magnetic field by plasma jet as like MPS. The maximum value of the thrust gain is 1.6. Figure 15 represents the specific impulse and the thrust-power ratio of MPS. The high specific impulse is obtained since the MPS converts the solar wind momentum to the thrust. In contrast, the thrust-power ratio is low. The thrust-power ratio mainly depends on the injection velocity V e, jet since the electric power required to accelerate plasma jet becomes larger as the injection velocity becomes higher. Thrust efficiency is very low in almost all cases since the ion that account for most of the mass flow rate ! m does not work to inflate the magnetosphere.
The thrust-mass ratio is also calculated based on the present superconductive technology. Table 4 lists the details of superconductive wire material we assumed. By using the wire, the weight of the superconductive coil with M=1.3 × 10 
Conclusion
We performed three-dimensional Full-PIC simulations for magnetic sail and Magneto Plasma Sail (MPS) with very small artificial magnetosphere in which the electron's finite Larmor radius effect and charge separation between ion and electron become significant. The simulations revealed that MPS could inflate the magnetosphere and the finite thrust can be obtained even if taking particle kinetics into account. MPS thrust was evaluated by using various characteristic parameter sets depending on mass flow rate, injection velocity, injection point, injection direction and injection temperature. The thrust of the MPS (1.0 mN) becomes up to 14 times larger than the original thrust of the magnetic sail (0.07 mN). However, the thrust gain defined as "MPS thrust / Magnetic sail thrust + plasma jet thrust" is calculated as approximately unity. The thrust-power ratio, thrust-mass ratio and thrust efficiency of MPS are further smaller than that of other existing propulsion system and the advantage of MPS was not shown.
As the future work, the further improvement of thrust generation is required for the realization of MPS. The use of the rotating magnetic field and the static potential are candidates to improve the thrust performance. IMF neglected in this study also should be considered for MPS spacecraft optimization. 
